Slowing in conduction and functional block in the epicardial tissue overlying a region of transmural necrosis are pivotal in the genesis of many lethal arrhythmias during the healing phase of myocardial infarction. The mechanisms responsible for these alterations in conduction in the epicardial region have not been completely elucidated. In the present study, the microscopic abnormalities in conduction were investigated in vitro using high-density mapping with 224 bipolar electrodes (interelectrode distance, 350 ,um) in isolated epicardial tissue excised from the hearts of dogs 2 weeks after anterior myocardial infarction. Seven epicardial tissue slices (group 1) exhibited uninterrupted sequential activation after stimulation at the basic cycle length as well as after premature stimuli. Four tissues (group 2) demonstrated microscopic alterations in conduction both during basic drive and premature stimuli, with the extent of conduction delay dependent on the stimulation site. In three tissues (group 3), the activation sequence was normal during the basic drive but became abnormal after premature stimulation, with the appearance of functional block in the direction transverse to fiber orientation. Superfusion with isoproterenol (10-6 M) did not significantly modify resting membrane potential, amplitude, or maximum rate change of voltage (Vm.) of phase 0 depolarization but decreased action potential duration.
Slowing in conduction and functional block in the epicardial tissue overlying a region of transmural necrosis are pivotal in the genesis of many lethal arrhythmias during the healing phase of myocardial infarction. The mechanisms responsible for these alterations in conduction in the epicardial region have not been completely elucidated. In the present study, the microscopic abnormalities in conduction were investigated in vitro using high-density mapping with 224 bipolar electrodes (interelectrode distance, 350 ,um) in isolated epicardial tissue excised from the hearts of dogs 2 weeks after anterior myocardial infarction. Seven epicardial tissue slices (group 1) exhibited uninterrupted sequential activation after stimulation at the basic cycle length as well as after premature stimuli. Four tissues (group 2) demonstrated microscopic alterations in conduction both during basic drive and premature stimuli, with the extent of conduction delay dependent on the stimulation site. In three tissues (group 3), the activation sequence was normal during the basic drive but became abnormal after premature stimulation, with the appearance of functional block in the direction transverse to fiber orientation. Superfusion with isoproterenol (10-6 M) did not significantly modify resting membrane potential, amplitude, or maximum rate change of voltage (Vm.) of phase 0 depolarization but decreased action potential duration.
Isoproterenol did not alter the activation sequence during basic drive, but it reduced the slowing in conduction elicited by premature stimulation in group 1 (p<0.01 in the transverse direction), alleviated microcircuitous conduction in group 2, and prevented the occurrence of functional block in tissues in group 3. Despite this salutary effect on conduction velocity, arrhythmias occurred after isoproterenol because of focal activity (three of 14, 21%) or reentry (one of 14, 7%) at very short coupling intervals of premature stimulation. These findings indicate that microscopic abnormalities in conduction occur in response to premature stimulation in epicardial regions overlying an infarct, eliciting conduction block that is more prone to occur in the direction transverse to fiber orientation and is dependent on the direction of activation. ( dial rim of tissue surviving transmural infarction has been shown to be pivotal in the genesis of reentrant tachyarrhythmias,1-3 although intramural reentry involving not only the epicardial region but also transmural pathways has recently been emphasized.4'5 Several factors have been proposed to explain the alterations in conduction in the epicardial region overlying the infarct. For example, derangements in the active electrophysiological properties of epicardial cells could contribute to the conduction delay, particularly during the first several days after infarction.67 The anisotropic properties of the epicardial tissues have also been shown to contribute to the genesis or, at the very least, the maintenance of tachyarrhythmias by providing a spatial constraint to Zuanetti et al f3-Adrenergic Influences on Microscopic Conduction 285 the orientation of the reentrant pathway.8,9 Beyond 2 weeks after infarction, the mechanisms responsible for the occurrence of functional block in the epicardial region overlying an infarct are less clear, as resting membrane potential and maximum rate of change of voltage (Vma,) of phase 0 of action potentials derived from myocardial cells within this region appear to have recovered from the initial ischemic insult.'0- '2 The decrease in apparent conduction velocity at this later time interval,'0-1" with calculated values as low as 0.01 m/sec,'0 may be due to an alteration in passive membrane properties, with impaired intercellular coupling, leading to a decrease in the space or length constant,1213 or due to a microcircuitous pattern of conduction. There is no consensus as to whether functional conduction block occurs primarily in the direction longitudinal14 or transverse15"16 to fiber orientation and whether this functional block is representative of slow, discontinuous transverse conduction8 or of complete conduction block. 17 To address these specific questions, we recently developed an electrode array to interface with our existing mapping system18 in which signals are recorded in vitro simultaneously from 224 bipolar electrodes with an interelectrode distance of 350 ,um, a spatial resolution approximately three to 20 times greater than that used in previous studies. 18 In the present study, we elucidated the microscopic abnormalities in conduction through epicardial tissue overlying 2-week-old myocardial infarcts by evaluating the precise influence of premature stimulation on the underlying abnormalities in conduction and by investigating the influence of 3-adrenergic stimulation. Indeed, although sympathetic activation is generally considered to be arrhythmogenic during this time period, studies evaluating the influence of sympathetic nerve stimulation or the administration of catecholamines on epicardial conduction and inducibility of ventricular arrhythmias during the healing phase of myocardial infarction 
Suwgical Preparation
Mongrel dogs of either sex (n=10) were anesthetized with sodium pentobarbital (30 mg/kg i.v.), intubated, and artificially ventilated with a Harvard respirator (Harvard Apparatus, South Natick, Mass.). After antibiotic prophylaxis (300,000 units penicillin i.m.), a thoracotomy was performed through the fourth intercostal space under sterile conditions, a pericardial cradle was constructed, and the left anterior descending coronary artery was isolated immediately proximal to the first large diagonal branch. After prophylactic administration of lidocaine hydrochloride (2 mg/kg i.v.), a two-stage permanent occlusion of the coronary artery was performed. Thirty minutes after coronary occlusion, the chest was closed in layers, and the residual pneumothorax was evacuated. Animals were then allowed to recover.
Two dogs died during the first 24 hours after coronary occlusion. The remaining eight dogs were reanesthetized 14 to 18 days after the initial surgery. Hearts were rapidly excised and placed in iced Krebs' solution. Two to four pieces of epicardial tissue (1.2x1.2x0.3 cm) were removed from the surface overlying the infarct in seven of the eight dogs; one dog had no evidence of myocardial necrosis at visual inspection. All epicardial tissue slices were retained in cold oxygenated Krebs' solution until evaluation in the tissue bath.
In Vitro Mapping Procedures
Sections of epicardial tissue were placed in a 7-ml Plexiglas tissue bath and superfused with Krebs' solution containing millimolar concentrations of Na+ 150, K+ 4, Ca2+ 1.2, Mg2+ 1.0, HCO-3 22, PO-4 0.9, Cl-136, and glucose 10 at a flow rate of 6 ml/min, with temperature maintained between 350 and 360 C and pH 7.35-7.40. The electrode array18 and recording system25 have been described in detail elsewhere and will be summarized only briefly.
The recording electrode array is formed by 224 bipolar electrodes with an interelectrode distance of 350 gm composed of Teflon-coated tungsten wires arranged in a 14x 16 rectangular pattern. Twelve bipolar stimulation electrodes with an interelectrode distance of 700 ,m were distributed uniformly around the outer rim of the array at 30°increments for extracellular stimulation. Single wires were arranged outside the recording electrode array to provide transgrid bipolar recordings for positioning of the grid on the tissue. The bipolar stimulating electrodes were spaced 700 ,um from the recording electrodes and 350 ,um from the transgrid recording electrodes. The 12 stimulating bipolar electrodes were connected to a switch system to permit stimulation from any of the 12 sites using a Bloom programmable stimulator (Bloom Associates, Reading, Pa.). The transgrid recording electrodes were differentially amplified, displayed on an oscilloscope, and transmitted to the recording system.
Recordings from the 224 bipolar electrodes within the grid, the transgrid recording, and the output from the stimulator were simultaneously filtered (40-500 Hz) and converted from analog to digital at a 2 kHz sampling rate with 12 bits of resolution. 25 Digital data were transmitted in real time as a stream of 12 parallel bits to a high-density digital tape recorder (Sangamo Sabre IV, Fairchild Weston Systems Inc., Sarasota, Fla.) All digital data were stored on tape for future analysis. For analysis, data were downloaded from the tape to a computer (DEC Microvax II, Digital Equipment Corp., Maynard, Mass.) in 5-megabyte blocks, representing 5 seconds of real-time recording. The transgrid bipole was viewed on a monitor to determine the window of interest for analysis of the electrograms. The activation times for all the beats were automatically assigned by a computer program that calculated the mean and standard deviation of the voltage values in the interval between the activations, recognized the positive or negative deflections of greater than three standard deviations from the mean, and marked the activation time as the maximal voltage deflection. In all cases, the activations were subsequently edited by the same investigator to maintain consistency in the activation times. The electrograms were then displayed on a graphic terminal and printed as a two-dimensional map of the activation sequence. Isochronal activation lines were drawn manually at 5-msec intervals. The individual electrograms were also printed for future reference.
Experimental Protocol
After placement of the tissue in the superfusion bath, a 30-minute equilibration period was instituted before any mapping procedures. The minimum pressure necessary to achieve adequate contact between the electrode recording array and the epicardial tissue was determined by stimulating the tissue at a basic cycle length (BCL) of 1 second with a 1-mA current through one of the 12 stimulating electrodes while simultaneously lowering the bipolar extracellular recording array via a servo-controlled precision micromanipulator (Newport Corp., Fountain Valley, Calif.) until electrical capture of the tissue was achieved, as assessed by the appearance of a discrete electrogram from one of the transgrid bipolar electrodes. The electrode recording array was then lowered an additional 10 gm to accommodate nonuniformity in the epicardial surface, the threshold for excitability was assessed by decreasing the intensity of stimulation, and the experimental protocol was then initiated. The tissue was paced with 2-msec pulses at 1.5 times the current threshold for activation at each given site with a BCL of 300 msec and single premature impulses introduced after four cycles of Sp. For each site of stimulation, the initial coupling interval of the premature stimulus was set at 250 msec, and it was shortened progressively by 10-msec increments until the refractory period was attained. A basic drive of four beats was chosen to limit the duration of the protocol to assure that activation mapping was completed in 4-5 minutes, which prevented potential injury to the tissue.18 Activation patterns were recorded while pacing from each of the 12 stimulation sites around the circumference of the tissue, with stimulation at the first site repeated at the end of the mapping to ensure reproducibility of the activation maps. Sites in which the tissue was refractory during the basic drive were not evaluated.
After completion of control recordings, the array was lifted from contact with the tissue, and intracellular transmembrane action potential recordings were obtained using conventional glass microelectrodes (tip resistance, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] After obtaining control recordings from both the electrode array and transmembrane action potentials, superfusion with isoproterenol (10-6 M) was initiated while maintaining the intracellular cell impalement. Data pertaining to the transmembrane action potential were recorded after 10-12 minutes, and mapping was repeated after 12-15 minutes. The concentration of isoproterenol and time interval before obtaining the recordings were selected based on initial experiments demonstrating that the maximal effects on action potential duration and effective refractory period in this preparation were obtained with concentrations of isoproterenol between 10à nd 10-6 M and 10-15 minutes after initiating the infusion and were reversible with a 30-minute washout. In selected experiments (n =3), cell impalements were performed before and after control mapping to ascertain that the contact of the electrode array per se did not modify the electrophysiological characteristics of the cells. Also, in three slices, action potential recordings and mapping were performed at 15-minute intervals during superfusion with Krebs' buffer to ascertain that action potential parameters, pattern of activation, and conduction velocity were not modified by prolonged superfusion per se and that the changes observed were due to the effect of isoproterenol rather than to contact with the recording electrode array.
At the end of the experiment, pins were inserted into the tissue at each corner of the array to mark its exact orientation on the tissue. The tissue was fixed in 2% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer and 2 mM Ca2' at 40 C. The fixed tissue was trimmed to a rectangular block corresponding to the epicardial surface underlying the recording grid, embedded in paraffin, and cut serially in 4-.m-thick sections parallel to the epicardial surface. The first and every fifth subserial section (every 50 ,gm) for the full tissue thickness were collected on glass slides, stained with Masson's trichrome, and examined by light microscopy.
Data Analysis
Transmembrane action potential recordings stored on analog tape were analog-to-digital converted at 4 kHz sampling rate with 12 bits of resolution. Values for resting membrane potential (RMP), Vma, of phase 0, amplitude, and action potential duration at 50% and 95% of full repolarization (APD5O and APD95, respectively) were obtained using a program run on a DEC Microvax II (Digital Equipment) with interactive display.
Activation maps obtained from the electrode array were constructed for the last beat of the basic drive at 300 msec and for the premature beat with the shortest coupling interval during the control period for each stimulation site. Activation maps were also constructed to assess the influence of isoproterenol using the same sites of stimulation for the last beat of the basic drive at 300 msec and for the premature stimulus at the identical coupling interval evaluated during the control interval. Zero time was assigned to the point with the earliest activation for each single beat and was used as a reference for the activation times of each point on the map.
Mean conduction velocity in the direction longitudinal and transverse to fiber orientation was obtained by measuring distance and difference in activation times at multiple points throughout the maps and averaging the data. As distortion of the activation pattern can significantly affect these data (see "Results"), only values of conduction velocity obtained from pieces exhibiting uninterrupted sequential activation were considered for statistical analysis. Analysis of the influence of isoproterenol was performed using Student's t test for paired data, and significance was accepted at p<0.05. Data are expressed as mean±SD.
Results
Twenty epicardial tissue slices obtained from a section of grossly identified infarcted myocardium were evaluated. Three of these slices were completely refractory to stimulation during the control interval, two demonstrated only partial activation of the region under the grid electrode due to extensive tissue fibrosis, and in one tissue slice, isoproterenol did not reach the perfusion bath due to disconnection of the infusion line. Therefore, a total of 14 epicardial tissue slices were available for analysis of the influence of isoproterenol.
Transmembrane Action Potential Data
Transmembrane action potential recordings during pacing at 300 msec before and after infusion of isoproterenol in the same cell were available for nine of the 14 epicardial slices, and the results are summarized in Table 1 . In the remaining five tissue slices, intracellular impalements were unsuccessful or were unstable over time. In agreement with data previously reported in a similar preparation 2 weeks after infarction,"1 action potential parameters were within the normal range for epicardial cells, with the exception of APD, which was abnormally short at both 50% and 95% of full repolarization. The contact with the electrode array did not modify action potential To facilitate the description of the influence of premature stimulation and isoproterenol on the abnormalities in conduction, the tissue slices were divided into three groups. In the first group (n=7), the activation pattern was normal during S, at 300 msec and also after S2, despite a reduction in overall conduction velocity. In the second group (n=4), alterations in the conduction pattern were evident during the S, ("fixed block") and were accentuated by S2. In the third group (n =3), the activation pattern was devoid of alterations during S, at 300 msec, although significant alterations in conduction and the development of functional block were elicited by the introduction of S2. Figure 2 ) to fiber orientation. After S2, both longitudinal and transverse conduction velocity slowed, but the activation pattern was unaffected. The influence of isoproterenol on wave front propagation is depicted in the lower panels of Figures 1  and 2 . Conduction velocity in the direction longitudinal and transverse to fiber orientation during S, was not altered by isoproterenol, and the distance between isochrones was similar to the control interval. However, after S2, the slowing in conduction velocity was reduced compared with the control. This type of response was representative of this group, and the summarized data are given in Table 2 . Both transverse and longitudinal conduction velocities during stimulation at the BCL were not significantly different before and after isoproterenol. In contrast, after the premature stimulus at a mean coupling interval of 177±19 msec, the overall decrease in conduction velocity was less after isoproterenol compared with the control interval and was statistically significant (p<0.01) in the direction transverse to fiber orientation.
Group 2: Tissues With Fixed Conduction Block
In four epicardial tissue slices, alterations in the activation pattern were evident even at a BCL of 300 msec. A typical example is shown in the upper panels of Figure 3 . In the upper left panel of the activation map, an area (approximately 4 mm2) of tissue demonstrated complete conduction block, as indicated by the darkened area, that was due to the extension of the transmural fibrotic scar into the epicardial region. The activation proceeded around this area of block in two directions, and the divided wave fronts collided 25 msec after the initiation of Sp. During S2 at a cycle length of 170 msec (upper right panel), conduction velocity slowed, which led to collision of the two wave fronts after 45 msec. In this example, collision sites of the two wave fronts at different coupling intervals of S2 were consistent, with a mean jitter of only 424 ±52
I.tm (range, 0-990 ELm) as compared with that of the basic coupling interval of 300 msec. The "apparent" conduction velocity longitudinal to fiber orientation between two electrodes at opposite sides of the area of conduction block (indicated as A and B in the upper left panel of Figure 3 ) was 9.4 cm/sec, which is in the range of values reported in previous studies13 for regions with very slow apparent conduction. However, in the same tissue slice, "true" longitudinal conduction velocity, as measured at the right of the map (between C and D in the upper left panel of Figure 3 ), resulted in values of 50.6 cm/sec, which were in the range observed in the preparations of group 1 listed in Table 2 . This example indicates that microcircuitous conduction around areas of complete conduction block, which has been hypothesized based on notching of the transmembrane action potential but which has never been shown directly because of lack of sufficient spatial resolution, may actually have occurred in some cases in which conduction velocity was considered to be "very slow."13 Indeed, in all four tissue slices in this group, this microcircuitous conduction pattern was not evident when the same tissue slice was stimulated from different sites, in agreement with data from computer simulation studies.26 Therefore, such small foci of fixed block leading to microcircuitous conduction would not have been detected with a lower spatial resolution or with fewer sites of stimulation.
Because of the changing pattern of activation (Figure 3) , in this second group of epicardial tissue slices, values for longitudinal and transverse conduction velocity before and after isoproterenol could not be quantified precisely. However, apparent conduction velocity, or velocity between two points at opposite sides of an area of conduction block, was unchanged by isoproterenol during S, (30.5±14.6 cm/sec before and 29.9±14.4 cm/sec after isoproterenol), but it was significantly increased when values after S, were com- and then down and around the area of functional conduction block. Infusion of isoproterenol prevented the development of functional block, as demonstrated in the middle panels of Figure 4 , and conduction was maintained even after S2 (middle right panel). This effect of isoproterenol was reversible with washout, as evidenced by the appearance of functional conduction block in response to S2 30 minutes after terminating the infusion of isoproterenol ( Figure 4 , lower right panel).
In the second example ( Figure 5 , upper panels), activation proceeded from the upper left of the map to the lower right, with crowding of the isochrones in the middle of the map. After S2, a line of complete conduction block developed, spanning the entire grid, as indicated by the darkened line (upper right panel). Again, isoproterenol prevented the development of this functional block ( Figure 5 , lower panels), with improvement in overall conduction velocity after S2.
In all three tissue slices in group 3, the line of functional block was always parallel to fiber orientation. This indicates that, in this tissue preparation, conduction in the transverse direction is more prone to block compared with that in the longitudinal direction. Analysis of the maps does not necessarily reveal whether the lines of functional block are indicative of true conduction block. It is possible that slow discontinuous propagation occurred along this line of apparent block, with most of the cells beyond the apparent block activated by transverse conduction rather than the impulse reentering around the area of functional conduction block. The shape of the isochrones beyond the block during the control recording after S2 suggests activation in the longitudinal direction, from the lower left of the figure: isochrones are less crowded in this region when compared with the activation map after isoproterenol ( Figure 5 ). Analysis of sites close to the line of block ( Figure 6 ) demonstrates fragmented electrograms, indicative of slow anisotropic conduction8 in this area. However, the shape of the majority of electrograms recorded after development of functional block induced by S2 is profoundly different from that present during the normal activation pattern. This indicates that during S2, most of the cells are activated from the impulse traveling longitudinally from bottom left to top middle of the area under study ( Figure 6 ). This is also supported by the fact that after isoproterenol, when the direction of activation maintains transverse conduction after S2, the shape of electrograms is identical to that observed after S, (Figure 7 ). These findings, which were consistent in all three epicardial tissue slices in this group, indicate that lines of block after S2 are representative of true functional conduction block, through which slow conduction may persist but is not able to activate more than a few cells beyond the region of block.
Arrhythmias
During the initial 30-minute equilibration interval, it was sometimes possible to record nonstimulated beats. However, at the end of this equilibration period and during the control recording interval, all of the preparations were quiescent and never demonstrated spontaneous activity.
In four epicardial tissue slices, isoproterenol induced arrhythmias. In three of these tissue slices, all belonging to group 1, single nonpaced beats were observed after applying a premature stimulus to 60-80% of the sites tested, particularly when the coupling interval of the premature stimulus was close to the refractory period. The ectopic beats were never observed if the preparation was not stimulated. The coupling interval between the premature stimulus and the ectopic beat was variable, even in the same preparation. A representative example is shown in Figure 8 . In this tissue slice from group 1, the conduction pattern of S2 was normal (left panel microreentry for the first two nonstimulated beats but was due to a nonreentrant mechanism for the third beat ( Figure 9 ). In this case, S2 blocked after the first row of electrodes ( Figure 9 , upper right panel). The wave front then conducted anisotropically (for the first 70 msec outside the bottom portion of the grid), with crowding of the isochrones along the major axis of the fibers in the transverse direction. Some of the electrograms recorded along this line of slow transverse conduction demonstrated fragmented shapes consistent8 with slow discontinuous conduction ( Figure 1OC ), whereas others demonstrated relatively discrete deflections ( Figure  lOA) . Because of this slow transverse activation, the area where the impulse was originally blocked was subsequently able to conduct retrogradely from top to bottom at a coupling interval of 167 msec. A similar activation pattern was found for the first nonstimulated beat with a coupling interval at the same site of previous block of 168 msec ( Figure 9 , lower panel, P1). For the second ectopic beat (P2), the conduction velocity around the region of block increased such that the coupling interval at the same site was now 146 msec, allowing the impulse to impinge on the refractory period and thereby block retrograde ( Figure 9 , lower middle panel). After a relatively long interval of 350 msec, a nonreentrant impulse then traveled from the lower left corner of the map and was conducted normally. This example demonstrates evidence for the existence of both reentrant and nonreentrant mechanisms responsible for an arrhythmia even in this very small piece of epicardial tissue overlying an infarct. Measurement of the size of the pivotal point of the block provides a value of about 0.05 cm3, demonstrating that nonsustained reentrant activation may occur in an area 10 times smaller than that already described in a similar isolated preparation.27 Discussion Conduction delay and block in the epicardial border region overlying an infarct has been shown to be pivotal in the genesis of many malignant ventricular arrhythmias during the subacute and healing phase of acute myocardial infarction.1-5 The present study was performed to investigate the abnormalities in conduction elicited by a premature stimulus and the influence of sympathetic activation by using a high-resolution mapping procedure that permitted analysis of activation pathways in epicardial tissue at a microscopic level (within a distance of two to three cells in the longitudinal direction of propagation). The findings provide further insights into the relative role of functional block and microcircuitous conduction in the genesis of arrhythmias dependent on reentry, as well as the mechanisms contributing to the influence of catecholamines in infarcted myocardium.
Limitations of the Study
Before our findings are compared with previous studies and their implication for arrhythmogenesis is discussed, the potential limitations will be considered. In the experimental preparation used in this study, the primary objective was to maximize the spatial resolution of the mapping procedures to evaluate alterations in microscopic conduction and to document fiber orientation and cellular architecture with morphological analysis of the tissue. This approach required the use of an isolated in vitro preparation, with its inherent limitations. Extracellular resistivity is different in isolated superfused preparations compared with that in heart in situ,28 and conduction velocity is more rate-dependent in vitro with the development of conduction block at lower pacing frequencies. In an in vitro superfused preparation, the diffusion of nutrients and pharmacological agents is limited to about 800-1,000 ,m from the surface. 29 .; s * . wave front cannot be derived precisely from changes . | in the shape and/or amplitude of these bandpassfiltered electrograms, which could be possible with l i unipolar electrodes '4 Relation of the Present Findings to Arrhythmogenesis Several previous studies have evaluated the derangements in the activation patterns obtained from hearts in dogs recovering from acute myocardial infarction. Animals are usually subjected to either complete coronary artery occlusionl-3 5-11,17 or temporary coronary occlusion followed by reperfusion.4,'2'13 The animals are then evaluated at selected intervals, from 24 hours to several weeks after infarction. In the present study, we evaluated epicardial tissue excised from the hearts of dogs subjected to occlusion of the left anterior descending coronary artery 15 days previously because this interval is associated with a normalcy of resting membrane potential and Vmax of phase 0 depolarization10-12 ( Table 1 ). The only abnormality observed was a persistent shortening of APD, which appears to be due to a "chronic abnormality" in the sarcolemmal calcium channel. 3' In this preparation, structural alterations, as opposed to cellular electrophysiological derangements, appear critical to the alterations in the speed and direction of impulse propagation that leads to arrhythmogenesis.32 For example, myocardial infarction may accentuate the anisotropic properties of conduction in this rim of epicardial tissue by two mechanisms. First, by isolating a surviving twodimensional layer of epicardial tissue from the underlying myocardium, rapid, intramural conduction and epicardial breakthrough cannot occur. Second, by decreasing the cell-to-cell coupling in the transverse direction due to interstitial deposition of collagen in the epicardial layer, the propensity to conduction block is enhanced.10,'2 The effect of myocardial infarction to isolate the epicardial layer with preservation of active properties of epicardial cells has recently been mimicked in a study by Schalij and colleagues15 in isolated perfused rabbit hearts. In that study, most of the myocardial wall was frozen, leaving a narrow rim of surviving epicardium whose cells were electrophysiologically normal. Sustained reentrant tachycardia could be induced by premature stimulation, and functional block occurred much more frequently in directions transverse to fiber orientation, with cells beyond the block activated in the longitudinal direction by the reentrant impulse. There was no evidence of slow, discontinuous transverse conduction along the line of conduction block. These findings are consistent with those obtained in the present study in tissue from infarcted hearts in which functional block developed more readily in the direction transverse to fiber orientation, and slow conduction through this region did not contribute importantly to the activation of cells beyond the region of block (Figures 5 and 6 ).
Discontinuous conduction transverse to fiber orientation may also contribute to the slow activation of cells around an area of conduction block during the maintenance of ventricular tachycardia.31 In a study by Dillon and colleagues8 performed 3-5 days after myocardial infarction, the line of block along the direction transverse to fiber orientation during sustained ventricular tachycardia was not due to a true conduction block but rather was representative of very close isochrones, presumably due to slow anisotropic conduction in the transverse direction. The authors concluded that this very slow conduction was responsible for the delay in distal activation of the myocardium. In the present study, during the repetitive arrhythmia in the presence of isoproterenol, cells above the area of block in the central part of the map were slowly activated from right to left (see, for example, P, in Figure 9 [lower left panel] from isochrone 90 to isochrone 140). This slow activation would have been drawn as a line of "apparent" block if evaluated using a lower resolution of recording. Therefore, data obtained in this study indicate that within an interelectrode distance of 350 gm, there exist both lines of "true" block, with activation beyond the block from the longitudinal direction, as well as lines of "apparent" block, with slow discontinuous conduction in the transverse direction contributing to the activation of cells "beyond" the block. This suggests that both types of activation block can also contribute to the development of arrhythmias.
Effect of Isoproterenol
Isoproterenol significantly affected the activation pattern after the introduction of a premature stimulus. At a BCL of 300 msec, isoproterenol did not modify the pattern or speed of conduction in tissue with uninterrupted activation or in tissues with either fixed or functional conduction block. In contrast, premature stimulation resulted in slowing of conduction velocity, which was substantially attenuated by isoproterenol. More importantly, isoproterenol prevented the development of abnormalities in the conduction sequence elicited by a premature stimulus (Figures 3-5) .
The finding that catecholamines may improve conduction velocity and reverse abnormalities in conduction after myocardial infarction has been suggested previously but only supported by indirect evidence. For example, El-Sherif19 has reported in dogs studied 4-8 days after acute myocardial infarction that sympathetic stimulation induced a shift of the cardiac cycle length at which Wenckebach-like conduction appeared in the epicardium overlying the necrotic area, whereas Gilmour and colleagues33 have shown that isoproterenol may prevent Wenckebach phenomena in isolated ventricular myocardium from patients with ischemic heart disease and refractory ventricular arrhythmias.
Several mechanisms may mediate this effect of isoproterenol. First, catecholamines may increasẽ max through an increase in gNa+, which would increase conduction velocity as predicted by continuous cable theory.22 However, very recent data indicate that isoproterenol may actually decrease the rapid inward Na+ current, with an effect that is more evident at depolarized potentials.34 Analysis of our data did not demonstrate any significant change in Zuanetti et al fB-Adrenergic Influences on Microscopic Conduction 301
Vm. or amplitude of the action potential after isoproterenol either during S1 or after S2.
The second potential mechanism involves the shortening in APD induced by isoproterenol in this preparation that corresponds to an increase in the diastolic interval-the interval between completion of repolarization and the initiation of the second activation. In our preparation, the coupling interval of the premature stimulus was well beyond (40-80 msec) the end of repolarization so that the takeoff potential of the premature beat was similar in control and after isoproterenol (Table 1) . However, the duration of the diastolic interval may affect conduction velocity by decreasing the rate of depolarization and leading to marked alterations in conduction even if the premature stimulus does not impinge on the terminal phase of repolarization of the preceding beat. 35 A third explanation is that the isoproterenol may increase conductance at gap junctions. This effect has been demonstrated in paired myocytes23 at an isoproterenol concentration comparable to that used in the present study and is related to an increase in cyclic AMP leading to phosphorylation of gap junction proteins.24 Infarction and fibrosis increase axial resistivity and decrease the space constant. 13 An increase in gap junctional conductance under these conditions may counteract this uncoupling and thereby restore the pattern and velocity of conduction. This effect would be expected to be more evident when active membrane properties are depressed, as in the present study during premature stimulation, a condition in which isoproterenol improved conduction velocity markedly. This possibility is supported by studies in which a reduction of Vma,x of phase 0 by premature stimulation16,36 or infusion of class I antiarrhythmic agents37 results in the genesis of transverse or longitudinal block dependent on discontinuities in effective axial resistivity. Further investigations are required to conclusively prove or disprove this hypothesis.
In the present study, the improvement in conduction velocity and alleviation of block by f3-adrenergic stimulation, which might be expected to be antiarrhythmic, was offset by the potential arrhythmogenic effects of shortening the tissue refractory period as well as eliciting the occurrence of focal activity. For example, in our study, the only example of repetitive arrhythmia ( Figure 9 ) was observed after isoproterenol when the premature stimulus was delivered at a coupling interval in which the tissue was refractory during the control interval. This agrees with the concept that the decrease in effective refractory period is one of the most critical mechanisms responsible for the arrhythmogenic effect of catecholamines after myocardial infarction. This would be particularly germane if heterogeneous denervation due to the infarction per se alters the sympathetic response.20 On the other hand, the occurrence of focal (and presumably triggered) activity after isoproterenol, in an area small enough (Figure 3 ) to be undetectable using conventional in vivo mapping procedures, suggests that nonreentrant mechanisms may also contribute, particularly in the genesis of a premature beat that may lead to functional block and eventually to the development of sustained arrhythmias based on a reentrant mechanism. It seems reasonable to speculate that the overall effect of sympathetic activation in the heart recovering from an acute myocardial infarction is a balance of potentially "beneficial" influences to improve cellular coupling and conduction velocity and "detrimental" effects mediated through an alteration in impulse initiation and tissue refractoriness. The development of pharmacological interventions that would overcome the derangements in conduction velocity due to structural alterations in the tissue and would, therefore, reduce the possibility of anisotropic reentry32 warrants further investigation.
